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Abstract.  Antigens specific to pericentral hepatocytes 
have been studied in adult mouse liver, during fetal 
development, and in cultured fetal hepatoblasts.  Anti- 
body reactive with glutamine synthetase stained all fe- 
tal liver cells but almost all cells lost this antigen after 
birth;  only a  single layer of pericentral  cells retained it 
in adulthood.  In contrast,  monoclonal antibodies to 
major urinary protein (MUP) did not detect the anti- 
gen until  •3  wk after birth,  after which time the cells 
within 6-10 call diameters of the central veins were 
positive. Cultured fetal liver cells from embryos at  13 
+  1 d of gestation were capable of differentiating in 
vitro to mimic events that would occur had the cells 
remained in the animal.  About 10-20 % of the ex- 
planted cells grew into clusters of hepatocyte-like cells, 
all of which stained with albumin antibodies.  MUP 
monoclonals were reactive with one-half of the differ- 
entiated fetal hepatocytes. Glutamine  synthetase was 
present in all hepatocytes after several days in culture 
and gradually decreased and remained in only occa- 
sional cells, all of which also contained the MUP an- 
tigen. 
These findings suggest that a  sequence of gene con- 
trois characterizes expression of specific genes in de- 
veloping liver, and that differentiating fetal hepato- 
blasts are capable of undergoing similar patterns of 
gene activity in culture. 
T 
rIE adult liver is arranged  in acini  with the afferent 
blood supply from the portal vein and the portal artery 
entering branching vessels at the microscopic level de- 
liver  blood  to  capillary-sized  vessels,  termed  sinusoids, 
which conduct blood between cords (or plates)  of hepato- 
cytes to empty into  a  central  vein.  Thus hepatocytes are 
divided into two zones or regions: periportal (close to the 
portal afferent circulation)  or pericentral (close to the effer- 
ent central  vein) (51). It is widely accepted that all hepato- 
cytes in rodents and humans contain certain proteins (for ex- 
ample albumin),  while other proteins are found at higher 
levels in cells of one or the other zone (4, 8, 23, 24, 32, 33, 
42, 55, 58, 59), perhaps related to the higher nutrient,  hor- 
mone,  and/or oxygen content of blood in periportal  com- 
pared  with  the  pericentral  region.  However recent  work 
using immunohistochemical  labeling  shows a distinct peri- 
central  location for a number of different detoxification  en- 
zymes whose regulation  is not obviously related to nutrient 
or oxygen supply (2, 52, 62). These antigens are present ei- 
ther exclusively or predominantly in the 6-10 cell layers im- 
mediately surrounding  the central vein in adult rodents.  In 
addition,  antibodies to glutamine  synthetase show this  en- 
zyme to be present in rats in a single layer of pericentral  cells 
(22). To supplement our studies on gene expression in mouse 
hepatocytes,  which have emphasized  the importance of cell 
surface contacts in maintaining hepatocyte specific transcrip- 
tion (12), and to begin to examine  hepatocytes during fetal 
development,  we prepared a series of mAbs against mouse 
liver tissue. Many of  the first group ofmAbs we obtained rec- 
ognized antigens that were present only in pericentral cells. 
Using these antibodies we selected eDNA clones from an ex- 
pression library of  mouse liver eDNA constructed in our lab- 
oratory.  At least eight of the pericentral  antigens are related 
to the major urinary proteins (MUP)  ~  of mice. This group 
of mouse proteins is related  to the rat ~t2u-globulin,  which 
is known to be found in the pericentral  region (2). We have 
compared the localization  of generally distributed antigens 
(e.g., albumin)  with the adult pericentral antigens and with 
glutamine  synthetase during  fetal and neonatal development 
in the mouse. Striking differences in the regional distribution 
within the liver acinus of  various antigens, particularly gluta- 
mine synthetase, were observed during ontogeny. All late fe- 
tal hepatocytes  reacted with albumin and glutamine  synthe- 
tase but not with any of 12 mAbs that detect pericentral 
antigens  in the adult.  Glutamine  synthetase  became limited 
in distribution within a few days after birth and the pericen- 
tral antigens were not detected until 2-3 wk after birth.  This 
corresponds to the known time of appearance of the MUP 
proteins in mice, an event controlled at the level of  transcrip- 
tion of the mRNAs (15). 
To further examine what appears likely to be both positive 
and negative regulatory events in liver gene expression, eul- 
1. Abbreviation used in this paper:  MUP, major urinary protein. 
￿9  The Rockefeller University Press, 0021-9525/87/09/1073/13  $2.00 
The Journal of Cell Biology, Volume 105, September 1987 1073-1085  1073 tures of differentiating fetal hepatoblasts were studied using 
antibodies to glutamine synthetase and the pericentral anti- 
gens. In contrast to adult hepatocytes cultured under identi- 
cal conditions, where liver-specific function becomes quick- 
ly compromised, differentiating fetal hepatoblasts underwent 
a program of protein appearance similar to normal develop- 
ment.  The explants of 13-d hetatic buds first developed and 
then lost glutamine synthetase; the fall in glutamine synthe- 
tase was accompanied by a rise in pericentral antigens that 
persisted for several weeks. 
Materials and Methods 
Monoclonal Antibody Preparation 
Monoclonal antibodies specific  for antigens present in adult mouse liver 
were prepared by standard methods (35, 41). Male Sprague-Dawley  rats 
were immunized intraperitoneally at monthly intervals with a crude mouse 
liver membrane fraction (29) in Freund's adjuvants. After the third immuni- 
zation, the spleenocytes  were isolated  and polyethylene  glycol fused with 
SP2 myelomas and cultured in high glucose (4.5 g/l) DME supplemented 
with 10% FBS,  10% NCTC  109 medium, 2 mM gfutamine,  I mM sodium 
pyruvate,  200 U/I insulin, 100 U each penicillin and streptomycin per ml, 
and 50.0 rag/1 garamycin in 96-well plates under hypoxanthine-aminopter: 
in-thymidine selection. The resulting hybridomas were screened by dot- 
immuncbinding assay (27), and those giving a positive result on a dot of 
crude liver membranes but not on a dot of crude common tissue membranes 
(a combination of heart, lung, kidney, and brain) were chosen for subclon- 
ing and further study. 
Polyclonal  Antisera 
Sheep anti-mouse albumin was purchased from Cappel Laboratories,  Inc, 
(Cochranville, PA). Rabbit anti-rat glutamine synthetase was prepared by 
injection of purified rat glutamine synthetase  (45, 56). 
Primary Fetal  and  Adult Liver Cultures 
Fetal liver cnimres from staged fetuses at ,x,13 :t: 1 d of gestation or at term 
('~19 d gestation) were prepared by a modification of the method of Lelfert 
and Paul (38, 39). Dams were anesthetized with ether and the uterine horns 
removed.  Under sterile conditions, the fetuses were removed  from the 
uterus and immediately  decapitated.  Fetal livers were then dissected (for 
13-d fetuses, the midsection of the fetus containing the liver bud as well as 
some other surrounding  tissues was taken) and digested with frequent, brief, 
high-speed vortexing for 10 rain (13 d) or 20-25 min (term) at 37~  in 1.5 
mg/ml type II collagenase  in arginine-free,  ornithine supplemented  (67.24 
mg/l) high glucose (4.5 g/l) DME. Undigested debris was allow6d to settle 
to the bottom of a conical tube, the cell suspension was drawn off, an equal 
volume of serum-containing medium was added, and the cells collected by 
centrifugation (5 rain at 200 g), resospended, and plated (5  x  106 in 2 ml 
of medium) in 35-ram plastic culture dishes containing sterile 22 x  22 mm 
glass coverslips. The culture medium was supplemented with 10 % dialyzed 
FBS, 10.0  mg/l cortisone, 200 U/1 insulin, 50.0 rag/1 garamycin, 2 mM gluta- 
mine, and 1 mM sodium pyruvate. Cells were kept in a 37~  incubator with 
5% CO2 and allowed to attach for 6-12 h, then the nonadherent cell popu- 
lation was removed,  and the dishes were rinsed once with medium, and 
refed. Thereafter the media was changed approximately  once a week or as 
needed. 
Primary cultures  of adult mouse hepatocytes  were prepared by  col- 
lagenase perfusion as previously  described (11). Cells were plated at 2,5 x 
I(P  in  2 ml  of  medium under  conditions  equivalent  to  the  fetal  liver  cul- 
tures. 
Immunocytochemistry of Tissue Sections  and 
Cultured Cells 
Frozen  sections  of  various  tissues  were  prepared  and  processed  by  standard 
methods  (5)  for  determination  of  antigen  content.  Adult  mice  were  anesthe- 
tized  with  Nembutal  and  given  a  small  amount  of  heparin  intraperitoneally. 
A caonula  was  placed  through  the  right  atrium  into  the  inferior  vcna cava 
with  perfnsion  with  PBS,  pH  Z4,  was  followed  by  perfusion  of  freshly  pre- 
pared 4 % paraformaldehyde  in PBS. Liver and other organs were dissected 
out and postiixed at 4~  in 4% paraformaldehyde  for a few hours m over- 
night, then equilibrated in 30% sucrose in water at 4~  Fetal tissues and 
whole fetuses were obtained in a manner similar to that used for cultures, 
and fixed for 1-2 d at 4~  in 4% paraformaldehyde,  then eqnilibmted in su- 
crose solution. Tissues were embedded and frozen in OCT compound, and 
7-ttm sections were cut and mounted on gelatinized slides. Nail polish wells 
were placed around each section and sections were incubated with 0.1-0.3 
ml of blocking solution (5 % normal goat serum in PBS) for 30 rain, and 
then left overnight  at room temperature or 4~  in 0.2-0.3 ml of  primary anti- 
body. Typically, primary antibody consisted of a 1:500 dilution of an antise- 
rum in blocking solution with 0.1% Triton, or undiluted mAb tissue culture 
supernatants containing 0.1% Triton. The slides were washed by dipping in 
five changes of  PBS, blocked again for 30 rain, and 0.05 ml of  a 1:50 dilution 
of secondary antibody was added (secondary antibodies were either rhoda- 
mine or fluorescein  conjugates  of F(ab'h fragment goat anti-rat or anti- 
rabbit IgG heavy and light chain). The secondary antibody was left on for 
2 h, the slides were again extensively washed in PBS, and then the coverslips 
were mounted using 50%  glycerol/PBS.  Sections  were viewed and pho- 
tographed using epi-fluorescent  optics on a Nikon Diaphot inverted phase 
microscope. 
Cultured cells were processed for immunofluorescence  in a similar man- 
net to the sections (5). Plates of cells were rinsed with PBS and fixed 30 
rain on ice in 4 % parafimnaldehyde.  At room temperattue, the fixative was 
removed and the cells were permeabllized with  0.1% Triton/PBS for 10 rain, 
washed with PBS, and leR in blocking solution 30 rain. Primary antibody 
(2 ml, without detergent added) was left on overnight, and all subsequent 
steps were as for tissue sections. 
Double labeling  of  both sections  and cultured  cells  was achieved  by 
simultaneous  incubation  with  beth  a  rat  mAb and  a  rabbit  polyclonal  to  al- 
bumin  or  glutamine  synthetase,  with  subsequent  simultaneous  incubation  of 
avo secondary antibodies conjugated  to different  chromaphores (fluores- 
cein-conjugated  goat anti-rabbit IgG and rhodamine-conjngated  goat anti- 
rat IgG). 
Preparation  of  Double-stranded c  D  NA 
Mouse liver total cellular RNA was prepared essentially as described by 
Chirgwin et ai. (9). Total poly(A)  + RNA was selected  by oligo(dT)-cel- 
lulose chromatography  as described by Maniatis et al. (43).  20 ttg mouse 
liver poly(A)  + RNA was denatured with 5 mM CHaHgOH. First strand 
synthesis conditions were 0.2 mg/ml RNA, 25 mM "Iris HCI pH 8.3, 50 mM 
KCI, 8 mM MgCl2, 1.5 mM each nucleotide triphosphate, 30 mM 2-mer- 
captoethanol, 80.0 ltCi/rni [8-3H(N)]dATP, 30 ~tg/mi oligo dT (12-18), 100 
gg/ml A~tinomycin D,  1.0 U/nil placental RNase inhibitor, and 6 U avian 
myeloblastosis virus reverse transcriptase per ttg RNA at 42~  for 1 h. Sec- 
ond strand synthesis  was carried out using the Escherichia co~~ RNaseH/ 
DNA ligase method as described (25). The average size of the eDNA was 
estimated to be 1,200 bp. 
Addition of  Eco RI Linkers, Ligation into kgtll Arms, 
and Packaging  into ~ Phage 
The eDNA was methylated at internal Eco RI restriction sites with Eco RI 
methylase according to manufacturers specifications  (New England Bio- 
labs, Beverly, MA). 0.5 ~g of phosphorylated Eco RI linkers were ligated 
to 5 ~tg eDNA as described by Maniatis et al. (43).  The ligase was inacti- 
vated at 68~  and linker oligomers cleaved from the eDNA by digestion 
with Eco RL Eco RI linker monomers were removed by passing over a 
Sepharose  CL-4B column (43). eDNA was ligated to phosphatase-treated 
Zgtll arms (Vector Cloning Systems, San Diego, CA) at a molar ratio of 1:1.5 
and a DNA concentration of 325 ~g/rni. Recombinant DNA was packaged 
using  1  x  107 phnge/~g packaging extracts (Vector  Cloning Systems). 
Caeater than 95 % of the recombinant phage contained eDNA inserts and 
recombinants were obtained at an efficiency of 4,000/rig eDNA. 
Antibody Screening of  Recombinant Phage 
400,000 recombinant  phage were absorbed onto E. co//strain Y1090, plated 
at a density of 25,000 plaques per 15-cm NZ YCM-amplcillin plate (43). 
Fusion proteins were induced and transferred to nitrocellulose as described 
by Young and  Davis (64, 65). Filters were removed and washed three times 
in PBS for 15 rain at 25~  then blocked in PBS containing 10% goat serum 
(GS-PBS)  for  30 rain.  Filters were incubated with a  1:500  dilution of 
pericentral mAbs in GS-PBS overnight (mAb tissue culture  superuatants 
were  concentrated by precipitation  with 50% ammoninm  sulfate).  Unbound 
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and the filters blocked for a second time in GS-PBS for 30 rain. Filters were 
then  incubated with a  1:1,000 dilution  in GS-PBS of horseradish  peroxi- 
dase-conjugated  goat anti-rat IgG F(ab')2 fragment  for 2  h.  The filters 
were washed three times in PBS for 15 rain, then developed for 30 rain ha 
PBS with 0.01% H202 and a  1:5 dilution  of 0.3% (wt/vol) 4-chloro-1- 
napthol in methanol.  Positive  signals  from  the first  antibody  screen were 
plaque purified  through  four additional  rounds  of screening. 
Isolation of  Phage DNA and Sequencing 
Purified  recombinant plaques  were amplified as plate  stocks and used  in 
large scale preparations  of phage (43).  Isolated phage DNA was digested 
with Eco RI and inserts cloned into pGEM-L  Additional subclones were 
constructed  and sequenced using synthetic oligorners corresponding to the 
SP6 and T7 promoters on this vector, and the chain termination sequencing 
method of Sanger et al. (54). 
Results 
MUP  Is a Pericentral Antigen 
After immunization of rats with crude mouse liver plasma 
membrane preparations, hybridoma cells were prepared by 
a fusion of rat spleen cells with mouse myeloma cells 05, 
41). 14 clonal cell lines were selected that produced antibod- 
ies reactive in a dot immunobinding assay (27) with extracts 
of adult mouse liver but not with extracts of brain, kidney, 
or spleen. Immunohistochemical staining of liver sections 
with the antibodies revealed that two of the 14 mAbs reacted 
with all of the hepatocytes in sections of male or female 
mouse liver. Antibodies against purified albumin (Fig. 1 a) 
or  alpha-l-anfitrypsin  (data  not  shown),  two  prominent 
secretory products specifically synthesized by hepatocytes 
(42, 55), have a similar staining pattern. The remaining 12 
mAbs only reacted with cells in the pericentral region of the 
liver as contrasted to the periportal region (Fig.  1 b). The 
staining extended ,o6-10 cells away from the central vein and 
the most central and most peripheral of  the stained cells were 
stained equally, that is, the boundary between stained and 
unstained cells  was  not gradual but sharply demarcated. 
Overall about half  of  the hepatocytes stained with these anti- 
bodies. Of this group of 12 antibodies, only one reacted with 
rat liver and none reacted with other mouse or rat tissues. 
Only one antibody of  this group was capable of  precipitating 
a specific protein; the size of the precipitated antigen was 18 
kD,  determined  by  gel  electrophoresis  (1,  57;  data  not 
shown). 
As noted in the introduction, cytochrome P450,  NADPH 
reductase,  giutathioneos-transferases,  and  epoxide  hydro- 
lase, all enzymes concerned with detoxification, are by im- 
munologic tests found to have an exclusive or predominant 
localization in the pericentral area of the rat fiver acinus (52, 
62). However,  none of these proteins has a molecular mass 
of 18 kD. To identify the protein(s) that were reactive with 
our mAbs we prepared a  library of ~.GTll bacteriophages 
carrying eDNA inserts from copies of mouse liver mRNA. 
From this library several clones that produce proteins reac- 
tive with eight of the pericentral mAbs were chosen and the 
eDNA sequenced.  The sequence proved to be that of the 
mRNA for the major urinary protein of mice (Fig. 2). There 
was one change at amino acid 235 (Thr to Asn) not previ- 
ously reported in the literature. 
Probably at least two different MUP antigens are repre- 
sented in the group of antibodies reactive with pericentral 
cells based on results with regenerating liver.  Sections of 
liver were prepared at 12, 24, 36, and 48 h and 7 d after par- 
tial hepatectomy and reacted with the panel of pericentral 
mAbs. Six of the antibodies reacted with perieentral cells 
during regeneration, while the other six mAbs that reacted 
with normal adult pericentral cells did not react with regen- 
erating tissue (data not shown). In addition, examples of  both 
types of mAbs recognize MUP eDNA fusion proteins pro- 
duced in recombinant ~, plaques. This suggests that at least 
two different epitopes in the pericentral region were recog- 
nized by the present collection of monoclonal antibodies. 
Using a eDNA clone to a type I MUP mRNA we earlier had 
found that both the transcription and steady-state levels of 
MUP sequences declined dramatically during postoperative 
liver regeneration (18). Therefore, since some antigens dis- 
appear postoperatively and others do not, it is likely that the 
mAbs recognize at least two different proteins or two differ- 
ent epitopes on two categories of MUP proteins. 
Figure L Adult mouse liver sections were labeled with polyclonal 
antisera to mouse albumin (a)  or monoclonal antibodies from 
rat-mouse  hybridomas selected against mouse liver membrane 
preparations (b), which show a distinctive pericentral localization. 
Bar, 184 lain. 
Regional Localization of  Glutamine Synthetase 
A different and highly regional distribution for another liver 
protein is also known. Antibodies to pig retinal glutamine 
synthetase are known to react in adult rat liver with a single 
layer of cells around the central vein (22).  Rat liver glum- 
Bennett et aL Pericentral  Antigens  in Liver and Fetal Cultures  1075 -25  ATAT&AGGAC  AAGCAAAGGG  GCTGGGGAGT  GG&GTGTAGC  CACGATCACA  &GA&AGATGT 
...................... 
+1  IRNA  start  8-I  stlrt 
35  GGTCCTG&CA  GACAGACAAT  CCTs  ACCAAAATGA  AGATGCTGCT  GCTGCTGTGT 
............................................................ 
) 
Her  start  13-1  start 
96  TTGGGACTGA  CCCTAGTCTG  TGTCCATGCA  GAAGAAGCTA  GTTCTACGGG  AAGGAI, CTTT 
............................................................ 
156  AATGTAGAAA  AGATTAATGG  GGAATGGCAT  ACTATTATCC  TGGCCTTTGA  CAAA&GAGAA 
............................................................ 
216  AAGATAGAAG  ATAATGGCAC  CTTTAGACTT  TTTCTGGAGC  A&ATCCATGT  CTTOGAGAAT 
...................  A  ........................................ 
Thr*Asn 
275  TCCTTAGTTC  TTAAATTCCA  TACTGTAAGA  GATGAAGAGT  GCTCCGAATT  ATCTATGGTT 
............................................  G ............... 
Set-Set 
335  GCTGACAAAA  CAGAA&AGGC  TGOTGAATAT  TCTGTGACGT  ATGATGGATT  CAATACATTT 
............................................................ 
396  ACTATACCTA  AGACAGACTA  TGATAACTTT  CTTATGGCTC  ATCTCATTAA  CGAAAATGAT 
............................................................ 
~56  GGGGAAACCT  TCCAGCTGAT  GGGGCTCTAT  GGCCGAGAAC  CAGATTTGAG  TTCAGACATC 
............................................................ 
516  AAGGAAAGGT  TTGC&CAACT  ATGTGAGG~G  CATGGAATCC  TTAGAGAAAA  TATC&TTGAC 
...........................  A  ................................ 
Olu-Lys 
576  CTATCCAATG  CCAATCGCTG  CCTCCAGGCC  COAGAATGAA  GAATGGCCTG  AGCCTCCAGT 
....................................  ~ ....................... 
stop 
635  GTTGAGTGGA  GACTTCTCAC  CAGGACTCCA  CCATCATCCC  TTCCTATCCA  TACAGCATCC 
............................................................ 
696  CCAGT&TAA~  TTCTGTGATC  TGCATTCCAT  CCTGTCTCAC  TGAGAAGTCC  ~ATTCCAGTC 
............................................................ 
756  TATCCAC&TG  TTACCTAGGA  TaCCTCATCA  AGAATCAAAG  ACTTCTTTAA  ATTTCTCTTT 
......................................................  T ..... 
816  GATATACCCA  TGACAATTTT  TCATGAATTT  CTTCCTCTTC  CTGTTCAATA  AATG&TTACC 
............................................................ 
876  CTTGCACTTA  (A)n 
Figure 2. Sequence of cDNA clones that encode pericentral anti- 
gens of mouse liver corresponds to MUP. From a kgtll expression 
library single  plaques were identified  that produced antigen  reactive 
with a mAb of the type used in Fig. 1 b to stain pericentral hepato- 
cytes. The consensus sequence of MUP exons (10) is presented on 
the top line and pericentral cDNA clones 8-1 and 13-1 are on the 
bottom. The beginning positions of clones 8-1 and 13-1 are indi- 
cated by arrows (>). Nucleotide changes from the consensus are in- 
dicated with corresponding amino acid changes. 
mine synthetase has been purified (56) and a polyclonal anti- 
body to the protein (45) was reacted with mouse liver sec- 
tions. As in the rat, a single layer of pericentral cells (Fig. 
3 c) reacted, in contrast to the reaction of our mAbs with a 
layer of cells 6-10 deep around each central vein (Fig. 3 b). 
Using different  fluorescent chromophores (fluorescein and 
rhodamine) and several antibodies alone or in combination, 
at least three patterns of different antigen distribution and 
presumably gene expression were detectable in adult mouse 
liver: (a) all hepatocytes contain certain antigens (e.g., albu- 
min); (b) in addition to common liver specific proteins, 6-10 
cell deep layers of hepatocytes around the central vein con- 
tain antigens not evident in periportal cells; and (c) a subset 
of pericentral cells contain the above mentioned proteins and 
glutamine synthetase. 
Ontogeny of  Antigen Expression 
We next examined the presence and distribution of peri- 
central antigens and glutamine synthetase during fetal and 
neonatal development.  None of the  12 mAbs that stained 
pericentral antigens (including the eight proven anti-MUP 
monoclonals) was reactive with fetal or neonatal tissue. At 
"~15-18 d  of postnatal development (about the time of pu- 
berty) the pericentral antigen was detectable and the staining 
distribution remained the same in animals from 3 wk of birth 
throughout adulthood (Table I). Again, the pericentral pat- 
tern was confirmed, These results would be expected for 
MUPs, as the genes encoding them are not transcribed until 
puberty (2). 
The patterns were very different in the staining of fetal and 
neonatal tissue with glutamine synthetase antibodies (Fig. 
4).  Most or all of the heptocytes in sections in the loosely 
arranged fetal liver tissue from 15-d and term gestation fe- 
tuses were reactive with the glutamine synthetase antibodies 
(Fig. 4 b).  After birth this antigen stained less intensely in 
hepatocytes. Within 3--4 d a more intense staining became 
evident in the single layer of pericentral cells than other he- 
patocytes (Fig. 4, c and d). By 12 d after birth the adult pat- 
tern was established (Fig. 4, e and  f). Antibodies to antigens 
such as albumin, which are known to be expressed in hepato- 
cytes early in fetal life (8), stained fetal cells uniformly, as 
was the case in adults (Fig. 4 a; 42, 55).  Thus cells that are 
already determined to be hepatocytes and are already local- 
ized within the liver architecture appear to undergo changes 
in gene expression to reach the final regional distribution of 
expression characteristic of the adult. 
Liver-specific  Antigen Expression in Cultured Cells 
It is a common observation that disaggregated adult hepato- 
cytes placed in cell culture with serum containing medium 
lose their liver specific functions within a few days to a week 
(6,  11,  12, 30, 40, 44). We tested cultured adult hepatocytes 
for the presence of pericentral antigens. Approximately one- 
half of the plated cells were positive for the MUP antigens 
early in the course of culture (Fig. 5, c and e). A very few 
cells were positive for glutamine synthetase (Fig. 5 f), and 
all such cells also expressed MUP. After 1 wk in vitro almost 
all cells had lost immunoreactivity for these antigens (Table I). 
Culturing fetal hepatoblasts proved to give a different and 
somewhat surprising result. Microscopically the cells plated 
from 13-d gestation liver buds gradually came to resemble 
mature adult hepatocytes (Fig. 6), acquiring such morpho- 
logical characteristics as a dark, grainy cytoplasm, promi- 
nent nucleus and nucleoli, with some cells becoming binu- 
cleate (16, 63). About 10-20%  of the total cells were in these 
hepatocyte-like clusters and virtually all such cells stained 
with anti-albumin antibody (Fig. 7 g).  The cells between 
clusters were of various types (including fibroblasts, adipo- 
cytes,  beating heart  cells,  neuronal-like cells,  endothelial 
cells, etc.) and did not contain immunologically detectable 
albumin. As we noted above,  sections of fetal liver (or of 
whole fetuses) showed no cells reactive with any of the peri- 
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adult mouse liver. A section of adult mouse 
liver  was  labeled with  antiserum  prepared 
against  glutamine  synthetase purified  from 
adult rat liver. The single layer of stained cells 
(c) is compared with the more general pericen- 
tral staining for MUP mAbs (b) in the same 
section,  which is shown in phase (a).  Bar, 
54 ~tm. 
central antibodies. Cells from the liver of 19<1 gestation fe- 
tuses  (where the liver cells are  reasonably well differen- 
tiated) or cells from the liver bud of 13<1 gestation animals 
(where  undifferentiated hepatoblasts  are  extirpated along 
with bits of other surrounding tissues) likewise did not stain 
with the pericentral antibodies during the first few days of 
culture (Table  I).  Beginning •7-8  d  after explanting cells 
from 13<1 gestation fetuses, and increasing with time in cul- 
ture, cells that were positive for the perieentral antigens be- 
gan  to  appear  (Table  I)  in  the  clusters  of differentiated 
hepatoblasts. 
By 12-15 d in culture the number of  ceils in the hepatoeyte- 
Bennett et ai. Pericentral Antigens in Liver and Fetal Cultures  1077 Table L Timecourse of  Pericentral Antigen Expression In Vivo  and In Vitro 
Pericentral antigen  Pericentral antigen 
Pericentral antigen  Days in  expression in 13-d  expression in adult 
Age of animals  expression  culture  fetal liver  cultures  hepatocyte  cultures 
Days of gestation 
13  -  1  -  +++ 
14  2  -  +++ 
15  3  -  ++ 
16  4  -  ++ 
17  5  -  + 
18  6  +  + 
19  -  7  +  - 
Birth  8  + 
Days postpartum 
1  9  + 
2  10  + + 
3  -  11  ++ 
7  -  12  +++ 
12  -  15  + + + 
15  -  20  +++ 
18  +  23  +  +  + 
21  ++  29  +++ 
24  +++  35  +++ 
Adult  +++  +++ 
-, No antigen expression; +, some antigen expression; + +, moderate  antigen expression; + + +, f~ll antigen  expression. 
like clusters that were reactive with the pericentral  mAbs had 
reached a maximum of,~50% and thereafter the fraction of 
cells that were antigen positive remained at the same level 
up to 35 d in culture O'able I; Fig. 7, e, h, j, and m). Occa- 
sionally small clusters (<25 cells) contained no cells or all 
cells positive for pericentral antigens.  During this time all 
hepatocytes also remained positive for albumin. In addition 
to whole FCS (10%), insulin (200 U/I), and hydrocortisone 
(10 rag/l) were present in the culture medium. Cortisone was 
necessary  for  growth  and  for differentiation of the  fetal 
hepatoblasts. No sex hormones were added to the medium 
but we note that in adults both male and female cells express 
MUP, although females produce a smaller amount of these 
proteins and possibly express a limited set of the collection 
of MUP genes (13, 15). Without quantitation of the specific 
MUP proteins and mRNAs we don't know whether the fetal 
cells express the same MUPs as do adult cells. 
The expression of glutamine synthetase in cultured fetal 
cells was in sharp contrast to the pericentral antigens. After 
5 d in culture virtually all the cells in hepatocyte-like  clusters 
became positive for glutamine synthetase and this antigen re- 
mained in all hepatocytes for the next 5-10 d (Fig. 7, b and 
d). Between ~,12-20 d  in culture, the staining of cells for 
glutamine  synthetase declined  considerably  so  that  after 
,~20 d only a rare cell that was albumin and MUP positive 
was also glutamine synthetase positive (Fig.  7,  k  and n). 
Thus, the cultured fetal cells underwent a program of  protein 
expression similar to the development of liver cells in vivo. 
This included the continued presence of albumin for up to 
35 d in culture, and the early in vitro appearance of gluta- 
mine  synthetase,  followed by  its  disappearance  from the 
majority of cells with retention of this antigen in only a few 
cells. With respect to the pericentral antigens, about one-half 
of the fetal hepatocytes developed an antigen that normally 
would not have been produced in these cells until 2-3 wk af- 
ter birth. 
Various hepatoma and liver cell lines have also been tested 
by immunofluorescence for the presence of the pericentral 
antigens, including the human hepatoma Hep-G2 (34), rat 
hepatomas Fao, C2,  and Rev7 (53, 60),  mouse hepatoma 
BWII (50), and mouse fetal liver cell line BNL CL.2 (48). 
None of these cells have shown any detectable labeling with 
any of  the pericentral mAhs. There is only one hepatoma line 
(subclone A49  [61],  derived from FU5-5  [49, 60])  so far 
reported to express a2u-globulin mRNA,  after induction 
with dexamethasone and insulin  (61),  however our mAh, 
which reacts with rat liver, does not label these cells. 
Discussion 
The present results with monoclonal antibodies and with 
polyclonal antibodies to glutamine synthetase, as well as ear- 
lier results with polyclonal antibodies to several liver en- 
zymes (22, 52, 62), point to differentiation within the hepa- 
tocyte lineage of at least three patterns of specific antigen 
distribution.  All  hepatocytes  share  certain  differentiated 
functions such as albumin synthesis (42, 55), other hepato- 
cytes in addition express (either predominantly or exclu- 
sively), possibly among a range of genes, those for detoxifi- 
cation enzymes and for at least one secreted protein, MUP 
(2, 52, 62). Finally, a few adult liver cells continue to express 
glutamine synthetase (22) which is present in most or all fetal 
hepatocytes. For all of these proteins the presence of the en- 
zyme in a cell suggests that the cell has that particular gene 
activated; for secreted proteins it is possible that proteins ac- 
cumulate in cells where the gene is not active. We do not con- 
sider this likely for antigens we have examined, however, be- 
cause expression of both MUP  and glutamine  synthetase 
The Journal of Cell Biology,  Volume 105, 1987  1078 Figure 4. Ontogeny  of glutamine synthetase  expression. Fetal hepatocytes in sections prepared at 15 d of gestation all show  reactivity with 
both albumin (a) and glutamine syntbetase (b) antibodies. After birth the glutamine synthetase  declines in the majority of hepatocytes (c, 
24-h postpartum; d, 72-h postpartum) such that by 12-d postpartum (e and f) the single cell layer-labeling pattern typical of adult liver 
is observed, cv, Central vein; pt, portal triad. Bar, 55 ~tm. 
remains restricted in cultured adult hepatocytes, and most 
important, for all antigens examined the cells must be per- 
meabilized to react with the antibody. Therefore, the results 
of  the distribution of  antigens appear to indicate at least three 
stable subpopulations of adult hepatocytes with overlapping 
but different patterns of gene expression, and these three 
groups of  cells are geographically distributed in a particular 
fashion: one single cell layer of pericentral cells expresses 
glutamine synthetase; ,,o6-10 pericentral cell layers express 
the group of  pericentral antigens; and all hepatocytes express 
albumin. These results correlate well with the notion that the 
pericentral cells are more highly differentiated, as evidenced 
by the facts that pericentral hepatocytes stop dividing sooner 
in neonatal development and are also the least likely to par- 
l~nnctt Ct al. Pericentral Antigens  in Liver and Fetal Cultures  1079 Figure 5.  Adult hepatocytes were cultured for '~36 h, fixed, and labeled with antibodies. Albumin antibody stained all the hepatocytes 
(a, phase; b, albumin), whereas only half of these same cells were labeled by MUP mAb (c). The arrow (f) indicates a single cell that 
is positive for glutamine synthetase, and this same cell is also positive for MUP (e and d, phase). Bar, 55  p.m. Figure 6.  Timecourse of in vitro differentiation of 13-d fetal hepatoblasts. The same two hepatoblast clusters photographed at various times 
after plating:  (a)  1,  (b) 2,  (c) 5,  (d)  8,  (e)  10, (f)  13 d  of culture.  Bar,  111 lain. The Journal  of  Cell  Biology,  Volume I05,  1987  1082 Figure 7. Antigen expression in hepatoblast cultures from 13-d fetuses. Tinae after plating: 5 d (a) phase and (b) labeled with glutamine 
synthetase antibody; 9 d (c) phase, (d) glutamine synthetase label, and (e) MUP label;  13 d (f) phase, (g) albumin label, and (h) MUP 
label. Two examples at 14 d of  culture: phase, MUP and glutamine synthetase labeling (i,j, and k, and l, m, and n, respectively). Bar, 55 ttm. 
ticipate in compensatory hyperplasia during regeneration (7, 
31,  36). 
The various types of  hepatocyte phenotypes arise by differ- 
ent  and  interesting  ontogenies  that  are  indicative  of both 
positive and negative regulatory events in the expression of 
these  functions.  In  vivo,  albumin  expression  begins very 
early in liver organogenesis and continues throughout devel- 
opment in a relatively homogenous distribution in all hepato- 
cytes.  Our pericentral  antigen(s),  including  MUP,  are not 
expressed until 2-3-wk postpartum,  and arise in their dis- 
tinctive pericentral location. Glutamine synthetase is appar- 
ently expressed initially in the late gestation fetus by all hepa- 
tocytes,  and  becomes  restricted  to  the  cells  immediately 
adjacent to the central veins within  1-2 wk after birth.  We 
have reported here results obtained with a novel 13-d gesta- 
tion hepatoblast culture system, which undergoes both mot- 
phological and functional differentiation in vitro in a manner 
that  mimics  the  in  vivo ontogeny.  Albumin  is  expressed 
throughout the in vitro differentiation process by all the de- 
veloping hepatoblasts. MUP is first expressed after 1 wk in 
culture, and from 2 wk on is present in ,'-~lg2 of all the dif- 
ferendated  hepatoblasts,  a  proportion  equivalent  to the in 
vivo distribution.  Glutamine synthetase is expressed within 
5  d  after plating  in virtually all hepatocytes,  and declines 
within 2-3 wk in vitro to be present only in a few cells, all 
of which also express MUP.  This  13-d hepatoblast culture 
system undergoes a program of differentiation to achieve a 
distribution  of mature hepatocyte phenotypes in which all 
three subpopuladons are represented in appropriate propor- 
tions,  offering opportunities  for the  further  study of how 
positional information within the developing liver organizes 
networks of tissue-specific gene control. 
Bennett et al. Pericentral  Antigens in [z'ver and Fetal Cultures  1083 One obvious and important line of research that should be 
stimulated  from these  results  is  the  cloning  of genes  ex- 
pressed both throughout the liver and in a restricted  manner 
in the liver acinus.  The sequences responsible for limiting 
gene  expression  should  be  delineated  by  introduction  of 
genes  into  transgenic  mice  or  possibly  into  differentially 
functional hepatoma lines. With the aid of adenovirus vec- 
tors, which can infect all types of cells, the clearest answers 
might be  forthcoming.  We have  achieved cell-specific  ex- 
pression of albumin promoter-driven RNA from adenovirus 
in hepatomas and hepatocytes (3, 17). Thus we might be able 
to obtain a cell-limited expression of genes such as MUP or 
glutamine synthetase  from adenovirus vectors in either fresh 
primary hepatocytes or in cultured fetal  cells. 
Perhaps  the most intriguing aspect of the differential  ex- 
pression of genes in various sectors of the liver acinus is the 
nature  of the  signals  responsible  for these  differences.  It 
seems most plausible to regard all hepatocytes as members 
of one initial founder cell lineage that arises in the mouse 
when primitive endodermal gut cells grow out to contact the 
precardiac mesenchyme (28, 37, 46). The adult liver is com- 
posed of descendents of this group of prehepatic ceils. The 
basis for the observed differences in gene expression could 
then  reside  in  different  signals  (for  example  cell-ceU  or 
cell-matrix  surface  signals)  that  hepatocytes  receive  in 
different regional positions  within the liver.  This proposal 
suggests that the matrix produced by endothelial cells of the 
central  vein (or hepatocytes in contact with them) would be 
different from that produced by the vascular and/or biliary 
cells in a portal triad (or the hepatocytes surrounding a portal 
triad).  To assign an importance of extracellular structures  in 
the regulation of gene expression seems reasonable based on 
a number of studies illustrating  a role of cell environment on 
hepatocyte phenotype (28). Our own studies have shown that 
maintenance  of transcriptional  signals  in  explanted  adult 
mouse hepatocytes requires continued cell contact (12). 
An alternative  suggestion  is that the prehepatic  founder 
cells become divided into sublineages or compartments with 
their  similarities  as  well  as  some  eventual  differences  in 
phenotype  being  preestablished  early  in development  (14, 
19-21, 47). In this proposal the hepatoblasts  that reside in the 
pericental  and  periportal  regions  would be  destined  from 
early in liver organogenesis to give rise to the differences in 
phenotypic  expression seen in the adult liver.  The experi- 
ments on cultured cells could shed light on these two possi- 
bilities. In 13-d fetal liver cultures, cells differentiate  to con- 
tain pericentral antigens with a frequency about equal to that 
seen in adult liver. This result by itself is compatible with ei- 
ther two hepatocyte sublineages existing in  13-d liver buds 
or with external signals developing so that •1/2  of the cells 
make appropriate contacts to be induced to make the pericen- 
tral antigens.  Cultures of the fetal liver cells that undergo this 
differentiational  step  offer the  chance  with further  experi- 
ments (for example, antibodies to cell surface structures)  to 
investigate  the  phenomenon  further.  The two possibilities 
need not be considered necessarily mutually exclusive; com- 
partmentalization  might establish the basic periportal versus 
pericentral phenotypes,  with expression of glutamine  syn- 
thetase being regulated by a cell-cell or cell-matrix interac- 
tion (for example, by the endothelial cells lining the central 
veins, as all glutamine synthetase-positive cells are in direct 
contact with these cells or the matrix they  produce). 
The authors would like to thank Dr. Colin Barnstable for help with the im- 
munofluorescenee technique. 
This work was supported by grants from the National Institutes of Health 
(CA 16006-13;  CA 18213-11) and the American Cancer Society (MV271). 
A. L. Bennett is on the Virology Training Grant (CAIO7233-11). 
Received for publication 9 January 1987, and in revised form 19 May 1987. 
References 
1. Anderson, D. J.,  and G. Blobel.  1983.  Immunoprecipitation of proteins 
from cell-free translations. Methods Enzymol.  96:111-120. 
2. Antakly, T. K., R. Lynch, H. L. Nakhasi, and P. Feigelson. 1982. Cellular 
dynamics of the hormonal and developmental induction of hepatic alpha 
2p  globulin  as  demonstrated by  immunocytochemistry and  specific 
mRNA monitoring. Am. J. Anat.  165:211-224. 
3. Babiss, L.  E.,  J.  M.  Friedman, and J.  E.  Darnell,  Jr.  1986.  Cellular 
promoters incorporated  into  the  adenovirus genome:  effects  of viral 
regulatory elements on transcription rates and cell specificity of albumin 
and B-globin promoters. Mol.  Cell.  Biol.  6:3798-3806. 
4. Baker, R. E., L. S. Jefferson, and R. Shiman. 1981. Immunocytochemical 
identification of  phenylalanine  hydroxylase  and albumin  in cultured hepa- 
toma cells and isolated rat hepatocytes. J.  Cell Biol.  90:145-152. 
5. Barnstable, C. L, K. Akagawa, R. Holstein, and I. P. Horn. 1983. Mono- 
clonal antibodies that label discrete cell types in the mammalian nervous 
system.  Cold Spring Harbor Symp.  Quant.  Biol.  48:863-876. 
6. Bissell, D. M., and P. S. Guzelian. 1980. Phenotypic stability of adult rat 
hepatocytes  in primary  monolayer culture. Ann.  NY Acad.  Sci.  349: 
85-98. 
7. Bucher, N. L. R., and R. A. Malt. 1971. Regeneration  of  Liver and Kidney. 
Little, Brown & Co. Boston.  17-161. 
8. Carlsson, R. N. K., and B. I. Ingvarsson. 1979.  Localization of r 
protein and albumin in pig liver during fetal and neonatal development. 
Dev.  BioL  73:1-10. 
9. Chirgwin, J.  M., A.  E.  Przybyla, R. J.  MacDonald, and W. J. Rutter. 
1979.  Isolation of biologically active ribonucleic acid from sources en- 
riched in ribonuclease. Biochemistry.  18:5294-5299. 
10. Clark, A. J., A. Chave-Cox, and J. O. Bishop. 1985.  Analysis of mouse 
major urinary protein genes: variation between the exonic sequences of 
group 1 genes and a comparison with an active gene outwith group I both 
suggest that gene conversion has occurred between MUP genes. EMBO 
(Fur.  Mol.  Biol.  Organ.)J.  4:3167-3171. 
11. Clayton, D. F., and J. E. Darnell, Jr. 1983. Changes in liver-specific com- 
pared to common gene transcription during primary culture of mouse he- 
patocytes. Mol.  Cell Biol.  3:1552-1561. 
12. Clayton, D. F., A. L. Harrelson, and J. E. DarneU, Jr.  1985. Dependence 
of liver-specific transcription on tissue organization. Mol.  Cell.  Biol. 
5:2623-2632. 
13. Clissold, P. M., S. Hainey, and J. O. Bishop. 1984. Messenger RNAs cod- 
ing  for  mouse  major  urinary  proteins  are  differentially  induced  by 
testosterone.  Biochem.  Genet.  22:379-387. 
14. Crick, F. H. C., and P. A. Lawrence. 1975. Compartments  and polyclones 
in insect development. Science (Wash.  DC).  189:340-347. 
15. Derman, E., K. Krauter, L. Walling, C. Weinberger, M. Ray, and J. E. 
Darnell, Jr.  1981.  Transcriptional control in the production of liver- 
specific  mRNAs. Cell.  23:731-739. 
16. Elias, H., and J. C. Sherrick.  1969.  Morphology of the Liver. Academic 
Press, Inc., New York. 
17. Friedman, J. M., L. E. Babiss, D. F. Clayton, andJ. E. Darnell, Jr. 1986. 
Cellular  promoters  incorporated  into  the  adenovirus  genome:  cell 
specificity  of albumin and immunoglohulin  expression. Mol.  Cell.  Biol. 
6:3791-3797. 
18. Freidman, J. M., E. Y. Chung, and J. E. DarneU, Jr,  1984. Gene expres- 
sion during liver regeneration. J.  Mol,  Biol.  179:37-53. 
19. Garcia-Bellido,  A., and P. Ripoll. 1978. Cell lineage and differentiation  in 
Drosophila. In Genetic Mosaics and Cell Differentiation.  W. J. Gehring, 
editor.  Springer-Veflag, New York.  119-156. 
20. Garcia-Bellido,  A., P. A. Lawrence, and G. Morata.  1979. Compartments 
in animal development. Sci.  Am.  241(1):102-110. 
21. Gardner, R. L., and J. Rossant. 1976. Determination during embryogene- 
sis. In Embryogenesis  in Mammals. K. Elliott and M. O'Connor, editors. 
Elsevier, New York.  5-25. 
22. Gebhardt, R., and D. Mecke. 1983. Heterogenous distribution ofglutamine 
synthetase  among rat liver parenchymal cells in situ and in primary cul- 
ture. EMBO (Fur.  Mol.  Biol.  Organ.) J.  2:567-570. 
23. Greengard,  O.  1969.  Enzymatic  differentiation  in  mammalian  liver. 
Science  (Wash.  DC).  163:891-895. 
24. Greengard, O., M. Federman, and W. E. Knox. 1972. Cytomorphometry 
of developing rat liver and its application to enzymatic differentiation.  J. 
Cell Biol.  52:261-272. 
25. Gubler, U., and B. J. Hoffman. 1983.  A simple and efficient  method for 
generating cDNA libraries. Gene (Amst.),  25:263-269. 
26. Gumucio, J. J., and D. L. Miller.  1981.  Functional implications of liver 
cell  heterogeneity. Gastroenterology.  80:393--403. 
The Journal of Cell Biology, Volume 105,  1987  1084 27. Hawkes, R., E. Niday, and J. Gordon. 1982. A dot-immunobinding  assay 
for monoclonal and other antibodies. Anal  Biochem.  119:142-147. 
28. Houssaint, E. 1980. Differentiation of  the mouse hepatic primordium. I. An 
analysis of tissue interactions  in hepatocyte differentiation.  Cell Diff. 
9:269-279. 
29. Howard, F. D., J. A. Ledbetter, S. Q. Mehdi, and L. A. Herzenberg. 1980. 
A rapid method for the detection of antibodies to cell surface antigens: 
a  solid  phase radioimmunoassay  using cell membranes. J.  lmmunol. 
Methods.  38:75-84. 
30. Jefferson, D. M., D. F. Clayton, J. E. Darnell, and L. M. Reid. 1984. Post- 
transcriptional  modulation ofgene expression  in cultured rat hepatocytes. 
Mol.  Cell Biol.  4:1929-1934. 
31. Jones, A. L., and E. Stinger-Mills. 1977.  The liver and gallbladder.  In 
Histology. 4th ed. L. Weiss and R. O. Greep, editors. McGraw-Hill, 
Inc., New York. 701-746. 
32. Jungermann, K., and N. Katz. 1982. Functional hepatocellular heterogene- 
ity. Hepatology (Baltimore),  2:385-395. 
33.  Katz, N., H. F. Teutsch, K. Jungermann, and D. Sasse.  1976. Perinatal 
development of the metabolic  zonation  of hamster liver parenchyma. 
FEBS (Fed. Fur. Biochem.  Soc.) Lett,  69:23-26. 
34. Knowles, B., C. C. Howe, and D. P. Arden. 1980. Human hepatocellular 
carcinoma cell lines secrete  the major plasma proteins  and hepatitis B sur- 
face antigen. Science (Wash.  DC). 209:497--499. 
35. Kohler, G., and C.  Milstein.  1975. Continuous  cultures  of fused cells 
secreting antibody  of predefined specificity.  Nature (Land.).  256:495- 
497. 
36.  LeBouton,  A. V., and R. Marchand. 1970. Changes in the distribution  of 
thymidine-3H labeled cells in the growing liver acinus of neonatal  rats. 
Dev. Biol,  23:524-533. 
37. Le Donarin, N. M. 1975. An experimental analysis of tiver development. 
Med. Biol.  (Helsinki).  53:427-455. 
38.  Leffert, H. L., and D. Paul. 1972. Studies on primary cultures of  differen- 
tiated fetal liver cells. J.  Cell Biol.  52:559-568. 
39.  Leffert, H. L., and D. Paul.  1973. Serum dependent  growth of  primary cul- 
tured differentiated fetal rat hepatocytes in arginine-deficient  medium. J. 
Cell Physiol.  81:113-124. 
40. Leffert,  H., T.  Moran, S.  Sell, H.  Skelly, K.  Ibsen, M.  Mueller,  and 
I. Arias. 1978. Growth state-dependent phenotypes of  adult hepatocytes 
in primary monolayer culture.  Proc.  Natl. Acad.  Sci.  USA.  75:1834- 
1838. 
41. Lerner, E. A.  1981.  How to make a hybridoma.  Yale J.  Biol.  Med,  54: 
387-402, 
42. Le Rumeur, E., C. Beaumont,  C. Guillouzo,  M. Rissel,  M. Bourel,  and 
A. Guillouzo.  1981. All normal rat hepatocytes produce albumin at a rate 
related to their degree of ploidy.  Biochem.  Biophys.  Res.  Commun. 
101:1038-1046. 
43. Maniatis,  T., E. F. Fritsch, and J. Sambrook.  1982. Molecular Cloning. 
A Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Har- 
bor, NY. 
44. Michaloponios, G., and H. C. Pitot.  1975. Primary culture of  parenchymal 
liver cells on collagen  membranes. Exp.  Cell Res.  94:70-78. 
45. Miller, R.  E.,  R.  Hackenberg, and H.  Gershman.  1978. Regulation  of 
glutamine synthetase in cultured 3T3-L1 cells by insulin, hydrocortisone, 
and dibutyryl  cyclic AMP. Proc. Natl. Acad. Sci.  USA.  75:1418-1422. 
46. Mintz, B.  1970. Gene expression in allophenic  mice. In Control Mecha- 
nisms in the Expression of  Cellular Phenotypes. H. A. Padykula, editor. 
Academic Press, Inc., New York.  15--42. 
47. Morata, G., and P. A. Lawrence. Homoeotic genes, compartments  and cell 
determination  in drosophila. Nature (Lond.).  265:211-216. 
48. Patek, P. Q., J. L. Collins, and M. Cohn. 1978. Transformed  cell lines sus- 
ceptible  or resistant to in vivo surveillance against mmotigenesis. Nature 
(Lond.). 276:510--511. 
49. Peterson, J. A., and M. C. Weiss. 1972. Expression of  differentiated func- 
tions in hepatoma cell hybrids: induction of mouse albumin production 
in rat hepatoma-mouse  hepatoma fibreblast  hybrids. Proc. Natl. Acad. 
Sci.  USA.  69:571-575. 
50.  Pitot, H. C., C. Peraino, P. A. Morse, and V. R. Potter. 1964. Hepatoma 
in tissue culture compared with adapting liver in vivo. Natl. Cancer Inst. 
Monogr.  13:229-242. 
5 I. Rappaport, A. M, 1976. The microcirculatory  acinar concept  of  normal and 
pathological  hepatic  structure.  Beitr,  Pathol.  157:215-243. 
52. Ratanasavarth,  D., P. Beanne,  G, Baffet,  M. Rissel, P. Kremers, F. P. 
Guengerich,  and A. Guillouzo.  1986. lmmunocytochemical  evidence for 
the maintenance of cytochrome P-450 isozymes, NADPH cytochrome C 
reductase, and apoxide hydrolase in pure and mixed primary cultures of 
adult human hepatocytes.  J. Histochem.  Cytochem.  34:527-533. 
53, Reuber, M. D.  1961. A transplantable  bile-secreting hepatocellular  carci- 
noma in the rat. J. Natl.  Cancer Inst.  26:891-899. 
54. Sanger, F., S. Niclden, and A. R. Coulson. 1977. DNA sequencing with 
chain-terminating  inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467. 
55. Schreiber, G., R. Leseh, U. Weinssen, and J. Zahringer. 1970. The distri- 
bution  of albumin  synthesis throughout the liver lobule.  J.  Cell Biol. 
47:285-289. 
56. Tate, S. S., F.-Y, Leu, and A. Miester. 1972. Rat liver glutamine synthe- 
tase. Preparation, properties, and mechanism of inhibition by carbamyl 
phosphate..,I.  Biol.  ~  247:5312-5321. 
57. Towbin, H., T. Staehelin,  and J. Gordon. 1979. Electrophoretic  transfer 
of  proteins from polyacrylamide  gels to nitrocellulose  sheets: procedure 
and some applications.  Proc. Natl. Acad.  Sd.  USA.  76:4350-4354. 
58.  Wachstein, M. 1959. Enzymatic histochemistry  of  the liver. Gastroenterol- 
ogy. 37:525-537. 
59.  Wachstein, M. 1963. Cyto- and histochemistry  of the liver. In The Liver. 
Morphology, Biochemistry,  Physiology, Vol. 1. C. H. Rouiller,  editor. 
Academic Press, Inc., New York.  137-194. 
60. Weiss, M. C., and M. Chaplain.  1971. Expression of differentiated func- 
tions in hepatoma cell hybrid: reappearance of  tyrosine aminotransferase 
inducibility after the toss of  chromosomes. Proc. Natl. Acad. Sci.  USA. 
68:3026-3030, 
61.  Widman, L. E., and L. A. Chasin.  1982. Multihormonal  induction of  r 
globulin  in an established  rat hepatoma  cell line. J.  Cell Physiol.  112: 
316-326. 
62.  Wolf, C. R., E. Moll, F. Oesch, A. Buchmann,  W. D. Knhlmann, and 
H. W.  Kunz.  1984. Characterization,  localization  and regulation  of a 
novel phenobarbital-inducible  form of cytochrome P~0, compared with 
three further P450-isoenzyraes,  NADPH P4~-reductase, gluta~one tnm.s- 
ferases and  microsomal epoxide hydrolase.  Carcinogenesis  (Land.), 
5:993-1001. 
63.  Wilson, J. W., and E. H. Leduc.  1948. The occurrence and formation of 
binucleate  cells and polyploid  nuclei  in the mouse liver. Am. J. Anat. 
82:353-391. 
64. Young, R. A., andR. W, Davis. 1983. Etticient isolation of  genes  by using 
antibody probes. Proc. Natl. Acad.  Sci.  USA.  80:1194~1198. 
65. Young, R. A., and R. W. Davis.  1983. Yeast RNA polymerase lI genes: 
isolation  with antibody  probes. Science (Wash.  DC). 222:778-782. 
Bennett et al. Pericentral Antigens in Liver and Fetal Cultures  1085 